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Abstract

CARD?9 is an immune adaptor protein in myeloid cells that is involved in C-type lectin signaling
and antifungal immunity. CARD9 is implicated in autoimmune and inflammatory-related diseases,
such as rheumatoid arthritis, IgA nephropathy, ankylosing spondylitis, and inflammatory bowel
disease (IBD). Given that Lyn-deficient (Ly777~) mice are susceptible to both autoimmunity and
IBD, we investigated the immunological role of CARD9 in the development of these diseases
using the Lyn™”~ mouse model. We found that genetic deletion of CARD9 was sufficient to reduce
the development of both spontaneous autoimmune disease as well as DSS- or IL-10-deficiency-
associated colitis in Lyn™~ mice. Mechanistically, CARD9 was a vital component of the Lyn-
mediated regulation of Toll-like receptor (TLR2 and TLR4) signaling in dendritic cells, but not in
macrophages. In the absence of Lyn, signaling through a CD11b-Syk-PKC6-CARD9 pathway was
amplified, leading to increased TLR-induced production of inflammatory cytokines. Dendritic
cell-specific deletion of CARD?9 reversed the development of autoimmune and experimental
colitis observed in dendritic cell-specific, Lyn-deficient mice. These findings suggest that
targeting CARD9 may suppress the development of colitis and autoimmunity by reducing
dendritic cell-driven inflammation.

One-sentence summary:

Without the kinase Lyn, the adaptor protein CARD9 amplifies cytokine production in autoimmune
disease.

Editor’'s summary:
Lyn-deficient autoimmunity shows its CARDs
Both the adaptor protein CARD9 and loss of the kinase Lyn are associated with autoimmune

disease, notably colitis and inflammatory bowel disease. Ma et al. explored this connection in mice
and found that CARD9 amplified Toll-like receptor signaling and subsequent cytokine production
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in Lyn-deficient bone marrow—derived dendritic cells, but not macrophages. Deleting Card9or
genes encoding Src-family kinases in dendritic cells prevented the development of Lyn deficiency-
associated colitis in mice. These findings suggest that targeting CARD9 or its associated kinases
may therapeutically relieve inflammation in patients with autoimmune disease and that exploring
the biological consequences of CARDZ polymorphisms is warranted.

Introduction

Caspase recruitment domain family member 9 (CARD9) is a myeloid-specific regulatory
protein that is critical for signaling through multiple immune pathways. Dendritic cells
(DCs) and macrophages lacking CARD9 have signaling defects downstream of C-type lectin
receptors (CLRs), nucleotide-binding oligomerization domain (NOD-like) receptors, retinoic
acid-inducible gene-I-like (RIG-like) receptors and Toll-like receptors (TLRs) (1). The
cellular mechanism connecting CARD?9 to CLRs, in particular Dectin-1-mediated signaling,
has been established (2-4). Upon Dectin-1 receptor ligation, phosphorylation of the
immunoreceptor tyrosine-based activation motif (ITAM) by Src-family kinases (SFKs) leads
to recruitment and activation of the kinase Syk. Activated Syk triggers the formation of a
CARD9-BCL10 (B-cell lymphoma/leukemia 10)-Maltl (Mucosa-associated lymphoid tissue
lymphoma translocation protein 1) complex, which leads to the activation of the nuclear
factor-kappaB (NF-xB) and mitogen-activated protein kinase (MAPK) signaling pathways
(5). Cells lacking CARD?9 fail to produce cytokines upon Dectin-1 ligation and show
defective fungal Killing (4). Consequently, mice lacking CARD?9 exhibit a defect in their
ability to control fungal infections (4).

Besides CLR signaling, CARDS has also been implicated in TLR-related signaling (6). DCs
lacking CARD? produce lower levels of cytokines upon TLR2 or TLR4 stimulation, and
mice lacking CARD9 exhibit defects in controlling bacterial infection by L/steria
monocytogenes (6, 7). Unlike CLRs, TLRs do not contain ITAMs and do not recruit Syk, so
even though CARDS9 clearly plays a role in signaling downstream of TLRs, the cellular
mechanism coupling CARD?9 to TLR signaling pathways is unclear.

Consistent with its role in C-type lectin signaling, mutations in human CARD9that result in
premature termination of the protein have been associated with immune deficiencies to
fungal infections (8, 9). However, a different set of polymorphisms in CARDZ have also
been associated with diseases exhibiting symptoms of hyper-inflammation, including
ankylosing spondylitis (AS) and inflammatory bowel disease (IBD) (10-12). In particular,
the CARD9-S12N variant is strongly associated with both AS and IBD in various cohorts
(13, 14). Xu et al. showed that the S12N mutation leads to polarization of avelolar
macrophages into interleukin-5 (IL-5)—producing cells which facilitates Ty-2 immune
response in an aspergillosis lung infection model (15). CARD9-S12N promotes increased
activation of the non-canonical NF-xB factor RelB to drive IL-5 production, which was also
seen in peripheral blood monocytes (PBMs) from patients with homozygous S12N
mutations in CARD9 and chronic bronchopulmonary aspergillosis. PBMs from CARD9-
S12N patients have no defect in tumor necrosis factor-alpha (TNF-a), IL-1pB, I1L-6, IL-8, or
interferon-gamma (IFN-y) production in response to exposure to Candida albicans conidia,
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potentially explaining why these individuals are not susceptible to Candlida infections (16).
The CARD9AL1 variant is associated with protection against IBD in humans (17). The
CARDYA11 variant produces a protein that is truncated at the C-terminus that functions as a
dominant-negative mutation resulting in decreased NF-xB activation in mouse DCs (18). A
pharmacological molecule mimicking CARD9A11 also inhibits NF-xB activity, suggesting
that the inhibition of CARD9 can be a potential strategy to reduce IBD severity by blocking
NF-xB activity (19). These studies suggest that increased CARD?9 signaling drives NF-xB
activation to promote inflammation. Consistent with this, Card@9~~ mice show reduced
inflammatory responses to a high-fat diet (20). Contrary to these studies, Sokol et a/.
reported that deleting Card9 exacerbates inflammation in the DSS-experimental mouse
model of colitis by altering the microbiome metabolism of tryptophan (21). Conflicting
results have been reported on tumor formation in the azoxymethane (AOM)-DSS model in
Card9™~ mice (22, 23). Clearly, further investigation into the role of CARD9 in IBD
development and other inflammatory-related diseases is needed to interpret these results.

Lyn kinase, a member of the Src-family of tyrosine kinases, plays an intricate role in both
the activation and inhibition of the immune system. In vitro, deletion of Lyn leads to hyper-
activation of TLR-triggered signaling in DCs, which results in spontaneous development of
autoimmune disease with characteristics similar to human systemic lupus erythematosus
(24). The reproducible development of autoantibody and hyper-inflammation reported by
many laboratories has established Ly7™~ (or Lyn KO) mice as a reliable in vivo model for
immune-driven autoimmunity (25, 26). In addition to the autoimmune phenotype, the hyper-
immune activity in Lyn KO mice leads to intensified intestinal disease in a DSS-colitis
mouse model (27, 28). Thus, the Lyn KO mouse is a model of both immune-driven
autoimmunity and inflammatory bowel disease.

In this study, we tested the hypothesis that CARD? is a critical downstream signaling
component linking Lyn kinase to the TLR2 and TLR4 pathways. Deletion of CARD9
reversed the increase in TLR-triggered cytokine induction in Lyn-deficient DCs and
protected Ly~ mice from the development of spontaneous autoimmunity and experimental
colitis. Thus, inhibition of CARD?9 activity may protect against immune-driven development
of autoimmunity and colitis by lowering TLR-related signaling and cytokine production.

CARD9 promotes colitis development in Lyn~'~ mice

To elucidate the effects of CARD9 in an immune-driven IBD model, we used a 3.5% DSS
model to induce acute colitis in WT or Lyn-deficient mice. We observed that Lyn~~ mice
exhibited more severe disease than WT mice as demonstrated by greater weight loss, while
the Lyn™~;Card9™~ mice exhibited an amount of weight loss that was comparable to WT
(Fig. 1A). Similarly, Lyn™~;Card9~~ mice showed significantly less rectal bleeding and
prolapse compared to Ly~ mice (Fig. 1B), as well as significantly longer colon length
after DSS treatment (Fig. 1C). Furthermore, Lyn™~;Card9~”~ mice showed dramatically
improved survival compared to the Lyn™”~ mice (Fig. 1D). The Card9™~ mice exhibited
phenotypes comparable to WT controls but trended towards shorter colon length after 2.5%
DSS treatment compared to WT controls.
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Mice deficient in IL-10 provide a well established model of immune-driven spontaneous
colitis (29). By generating Lyn™~;//10”~ mice on the C57BL/6 background, we showed that
the deletion of Lyn could drive spontaneous rectal prolapse after 10 weeks when 1L-10 was
also deleted (Fig. 1, E and F). This is consistent with the hyper-inflammatory environment
previously described in Lyn™~;1/107~ double-KO mice (30). Mice deficient in IL-10 alone
did not develop spontaneous colitis because /207~ mice on the C57BL/6 background are
less susceptible to spontaneous colitis development compared to BALB/c mice (31).
Deletion of Card9 completely reversed rectal prolapse in Lyn™~,//107~ mice. There was no
rectal prolapse in the Lyn™~;1/107~:Card9~~ triple-KO, WT, or single-KO /107~ or Lyn™~
animals during 20 weeks of monitoring. Together, these data demonstrated that Card9 was
crucial for the development of immune-driven colitis in Ly~ mice.

CARD9 plays a major role in the development of autoimmunity in Lyn™~ mice

CARD?9 has been recently implicated in the development of human autoimmune-related
diseases by genetic studies (10) and in mice in an auto-antibody-induced autoimmune mouse
model (32). Lyn-deficient mice spontaneously develop auto-antibodies and
glomerulonephritis (26, 33), making them a suitable model to investigate the role of CARD9
in the development of autoimmunity. By comparing aged WT, Lyn™~, Lyn™"Card9™~, and
Card9~~ mice, we found that IgG and IgM serum autoantibody production against single-
strand RNA (ssRNA) (Fig. 2, A and B) and double-strand DNA (dsDNA) (Fig. 2, C and D)
were significantly higher in the Ly~ mice compared to WT mice, while both Lyn
~/~:Card9~~ and Card9~~ animals had significantly lower serum autoantibody levels that
were similar to WT mice. Increased serum autoantibody production in £y~ mice is known
(24, 34), but data indicating that CARD? is critical to the development of autoantibody
production in the absence of Lyn has not been previously reported. Additionally,
hematoxilyn and eosin (H&E) staining of kidneys from 3.5-month-old Ly7~ mice showed
development of glomerulonephritis, whereas age-matched Lyn™7~;Card9™~ and Card9™~
mice did not develop this phenotype (Fig. 2E). Together, these data suggest that CARD9
plays a major role in the development of autoimmunity in Ly~ mice.

CARD9 mediates cellular activation in Lyn-deficient mice

Because we found CARD9 to be a major component of Lyn-mediated inflammatory and
autoimmune disease, we investigated the in vivo immunological mechanism linking CARD9
to disease development. By analyzing the spleens of two month old mice, we found that
Lyn-deficient splenic DCs produced significantly more TNF-a (Fig. 3A) and IL-6 (Fig. 3B)
during TLR2 or TLR4 stimulation. This was not observed in the double-deficient Lyn
~/~:Card9™~ or in Card9™~ splenic DCs. We found that the number of total splenic CD4*
and CD8* T-cells remained similar across the different groups of mice (Fig. 3C) but Lyn™~
mice exhibited increased numbers of activated CD4* T cells compared to WT, Lyn
~/~:Card9™~ and Card9™~ mice (Fig. 3D). The number of activated CD8* T cells remained
similar across the different groups (Fig. 3D). CARDS is only expressed in myeloid cells and
not in lymphoid cells (Immgen database); therefore, these data suggested that intact CARD9
in myeloid cells leads to increased activation of CD4* T cells, which likely contributed to
the Lyn-deletion-mediated autoimmune development. Besides a difference in activated T
cells, we also observed an increase in the total number of plasma cells in the Ly~ mice
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compared to WT, Lyn™";Card9”~and Card9™~ animals (Fig. 3E). This suggested that
CARD?9 in myeloid cells leads to an increase in the number of plasma cells which was likely
responsible for the elevated production of autoantibodies detected in the Ly~ mice.

CARD9 promotes increased TLR-triggered signaling and cytokine production in Lyn-
deficient bone-marrow DCs, but not macrophages.

Myd88 in DCs is required for autoimmune development in Lyn-deficient mice, indicating
that intact TLR signaling is necessary for autoimmunity (24). Because our in vivo data
showed that CARD?9 is also vital for autoimmune development in Lyn-deficient mice, we
examined the role of CARD9 in TLR2 and TLR4 signaling in both bone marrow-derived
dendritic cells (BMDCs) and bone marrow-derived macrophages (BMMs). We observed that
Lyn-deficient BMDCs exhibited increased TNF-a and IL-6 production when stimulated by
the TLR2 agonist Pam3CSK4 or the TLR4 agonist LPS (Fig. 4, A and B), consistent with
previous reports (24, 35). This difference in cytokine production was not observed in bone
marrow-derived macrophages (Fig. 4C). Additional deletion of Card9in the Lyn”~ BMDCs
resulted in TNF-a and IL-6 levels similar to those seen in WT BMDCs (Fig. 4, A and B).
We investigated the signaling pathways downstream of TLR2 stimulation and found that Lyn
~~BMDCs showed increased phosphorylation of Syk, IKKa., ERK and p38 compared to
WT cells (Fig. 4D and fig. S1), whereas double mutant Lyn™~:Card97~ BMDCs displayed
WT levels of phosphorylation, except for Syk, which is upstream of Card9 (Fig. 4D).
Consistent with cytokine production, Lyn”~ BMMs showed no increase in signaling after
TLR2 stimulation (Fig. 4E). Because PKCS is directly upstream of CARD9, and
phosphorylates CARD9 (on serine and threonine residues) to activate CARD?9 signaling in
the C-type lectin pathways (5), we examined PKC8 phosphorylation. PKC6 was also hyper-
phosphorylated in Ly~ BMDCs (Fig. 4F), but not BMMs (Fig. 4E), upon TLR2
stimulation. Hyper-phosphorylation of PKC& was not reversed in Lyn™~Card9~~ double
mutant BMDCs (fig. S2) . Consistent with hyper-activation of the upstream kinases (Syk and
PKCS), Lyn™~ BMDCs showed increased threonine phosphorylation of CARD9 after both
TLR2 and TLR4 stimulation (Fig. 4G) which has been shown previously as a marker of the
activation of signaling through CARD9 (5). These data demonstrate that Lyn deficiency
resulted in hyper-activation of a Syk-PKC8-CARDD? signaling pathway that increased
signaling to MAPKSs and NF«xB, leading to increased TLR-stimulated cytokine production.
This pathway was active in BMDCs but not BMMs. Deletion of CARD?9 blocked
downstream hyper-activation of IKKa, ERK1/2, and p38, but not the upstream Syk and
PKCS kinases, and this was sufficient to reverse the increased cytokine production in Ly~
BMDCs.

To determine whether Lyn deficiency resulted in non-specific elevation of all signaling
pathways, we examined Dectin-1 signaling in Ly~ BMDCs. In contrast to TLR activation,
Lyn™~BMDCs showed reduced cytokine production and intracellular signaling after p-
glucan stimulation (fig. S3, A and B). Similar results are reported in Ly~ BMMs (36). We
have previously shown that Lyn-deficient BMDCs have wild type levels of other SFKs and
no major alteration of surface integrins (CD11b and CD11c), FcyRs, MHCI or inhibitory
receptors (PIR-B and Sirpa) (24). We also found no changes in protein levels of the
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signaling proteins in the CARD?9 pathway (fig. S3C) nor in the counter regulatory
phosphatase SHP1 in Lyn”~ BMDCs (fig. S3D).

To further test whether increased signaling through Syk and PKCS lead to the increased
cytokine production in Lyn”~ BMDCs following TLR stimulation, we used shRNA to
knockdown expression of these upstream kinases in WT and Lyn”~ BMDCs. Knockdown of
neither Syk nor PKCS had any effect on WT cells, but reversed TNF-a. hyper-production in
Lyn™~ BMDCs following TLR2 stimulation (fig. S4).

Regulation of TLR-triggered signaling and cytokine production by Lyn is mediated by
CD11b and SFKs Hck and Fgr.

The Src-family kinases Hck and Fgr are required for integrin signaling in myeloid
leukocytes (37, 38), whereas Lyn is a known negative regulator of integrin outside-in
signaling (39). However, SFKs are not required for TLR signaling in BMMs (40). More
recently, integrin CD11b was implicated as a positive regulator of TLR signaling in DCs but
not in macrophages (41). To investigate whether the influence of Lyn on CARD9-mediated
TLR signaling occurred downstream of CD11b engagement, we compared signaling and
cytokine production in BMDC:s either in suspension or following adhesion. SFKs were
phosphorylated upon TLR2-triggered signaling in attached WT BMDCs (Fig. 5A). This
phosphorylation was significantly reduced in Lyn™ cells and in CD11b-deficient BMDCs
but not BMMs (Fig. 5, A to C). The data suggest that CD11b was required for TLR-
stimulated SFK phosphorylation in BMDCs. Furthermore, the increased TLR-stimulated
TNF-a production observed in Lyn-deficient BMDCs, relative to WT cells, only occurred
when CD11b was engaged either by cellular attachment to the tissue culture wells or by
antibody ligation (Fig. 5D). These data demonstrate that the increased cytokine production
in Lyn-deficient BMDCs following TLR stimulation is dependent on a CD11b triggered
pathway. In SFK triple-KO (Hck™=;Fgr~=;Lyn™”~) BMDCs, where signaling through
CD11b is blocked, TLR stimulated TNF-a and IL-6 production is reduced compared to WT
(Fig. 5, E and F), in contrast to what occurs in BMMs (40). Likewise, TLR activation of Syk
and PKC8& downstream of TLR stimulation is lost in adherent SFK triple knockout BMDCs
(fig. S5). As a result, downstream phosphorylation of CARD9 was also reduced in SFK
triple-knockout BMDCs (Fig. 5G). Moreover, SFK triple-mutant mice were protected in the
DSS colitis model (Fig. 5H), suggesting that reduced activation of DCs in vivo may be
protective in this IBD model. These data suggest that Lyn kinase negatively regulates CD11b
signaling in DCs in a pathway involving SFKs, Syk, and CARD9 to reduce TLR signaling.

CARD9 expression in DCs is critical for development of autoimmunity and colitis seen in
DC-specific, Lyn-deficient mice.

We showed that global deletion of CARDS9 can reverse autoimmune disease and intestinal
inflammatory disease phenotypes in Lyn-deficient mice. We also found that CARD9 is a
critical component of TLR-triggered hyperactivity in Lyn-deficient DCs and not
macrophages. As we previously found, specific deletion of Lyn in DCs was sufficient to
drive autoimmunity, as assessed by increased levels of serum antibodies against ssSRNA and
dsDNA, as well as high levels of splenic-activated CD4" T cells and plasma cells, in 6-
month-old mice (Fig. 6, A to F) (24). To investigate whether DC-specific Card9expression
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is critical for the inflammatory diseases in 777~ mice, we generated and compared single
and double floxed Lyrnand Card9mice, crossed on to the CaZic-Crestrain, which results in
deletion primarily in convential and plasmacytoid DCs (42). Deletion of DC-specific Card9
resulted in complete reversal of spontaneous autoimmunity and reduced accumulation of
splenic plasma cells observed in the Lyn"”*-Cd11c-Cre animals(Fig. 6, A to F), and a trend
towards reduction in splenic activated CD4* T cells.

To examine if the Lyn to CARD?9 pathway in DCs also played a role in the colitis model, we
exposed the Lyn”"-Cd11c-Creand the Lyn”f:Card9”f-Cd11c-Creto 3.5% DSS. Deletion of
Lyn in DCs alone resulted in a slight but significant weight loss and survival disadvantage
when compared to control Ly#”f mice alone (fig. S6, A and B). This difference was not
observed in the DC Lyn/Card9 double-deficient mice compared to the double flox controls
(fig. S6, C and D). Together, these data indicate that the Lyn-to-CARD9 signaling pathway
in DCs regulates both the spontaneous development of autoimmunity and the susceptibility
to intestinal inflammatory disease.

Discussion

In this study, we report that CARDS is a crucial link between the tyrosine kinase-driven
CD11b integrin pathway and the TLR pathway in DCs. In the absence Lyn, CD11b signaling
was increased which, through CARD9, amplified responses downstream of TLR2 and
TLR4, leading to increased cytokine production by Lyn™~ DCs. Deletion of CARD9 in DCs
alone reversed the development of autoimmunity and colitis in DC-specific Lyn-deficient
mice. In conclusion, we have uncovered a previously unknown mechanism used by DCs to
regulate the magnitude of TLR-mediated signaling using the adaptor protein CARD9.

We found that negative regulation of TLR signaling by Lyn is only detectable in splenic DCs
and BMDCs but not in bone marrow-derived macrophages. This correlates with our
observation that deletion of Ly specifically in DCs (using CD11c-cre) but not in
macrophages (using LysM-cre) resulted in inflammatory autoimmunity (24). Ling et al.
recently reported that CD11b clustering only occurs during TLR4 activation in DCs but not
in macrophages, which could explain a differential role for CD11b in DCs versus
macrophages (41). CD11b also plays a role in Lyn activation in B cells during BCR
stimulation (43). In the absence of CD11b, Lyn is poorly activated, resulting in loss of
inhibitory signaling leading to hyper-reactive responses following BCR stimulation, which
causes autoantibody production and Ig deposition in the kidneys in vivo. This observation is
similar to our results observed in DCs lacking Lyn. These findings suggest that CD11b-
dependent activation of Lyn kinase leading to the initiation of inhibitory signaling occurs in
multiple immune cells. Further studies are required to elucidate the differential regulation of
TLR signaling by Lyn kinase in DCs versus macrophages.

Our findings here demonstrated that Lyn possesses both activating (during Dectin-1
stimulation) and inhibitory (during CD11b engagement and TLR stimulation) functions in
DCs. The molecular mechanism for this differential effect remains to be defined. We
hypothesize that during Dectin-1 stimulation, the formation of the “phagocytic synapse”
physically removes inhibitory receptors away from the activating signals therefore
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eliminating Lyn’s ability to phosphorylate ITIMs to initiate inhibitory responses. In this
environment, Lyn’s positive regulatory role becomes dominant. Perhaps CD11b engagement
during TLR stimulation does not segregate inhibitory receptors away from the activation
signals, hence the activated Lyn kinase could have access to ITIM-containing inhibitory
receptors, leading to enhanced recruitment of phosphatases (mainly SHP1 and SHIP1) that
inhibit downstream pathways (25). In neutrophils, the main inhibitory receptors
phosphorylated by Lyn to regulate integrin signaling are SIRP-a and PIR-B (39). Both
SIRP-a and PIR-B have been shown to negatively regulate of TLR signaling, primarily by
using knockdown approaches in cultured cells (44, 45). Both of these ITIM-containing
receptors are known to recruit the phosphatase SHP1; deletion of SHP1 also leads to
exaggerated TLR responses in various cell types (46, 47). Additionally, genetic deletion of
SHP1 specifically in DCs leads to exaggerated TLR responses and the development of
autoimmunity, mimicking the disease that develops in mice lacking Lyn kinase in DCs (48).
DCs contain a large spectrum of ITIM-containing receptors that could co-aggregate with
CD11b to become phosphorylated by Lyn and hence recruit SHP1 or other inhibitory
phosphatases. Defining which DC receptors and downstream phosphatases are involved in
the negative regulation of TLR signaling remains a future goal.

We showed that in the absence of Lyn, Hck and Fgr are necessary for the enhanced signaling
in DCs in vitro and for the exaggerated gastrointestinal inflammation in the DSS colitis
model. These data suggest that Lyn inhibits signaling by preventing Hck and Fgr from
activating the Syk-PKC8-CARD9 pathway during TLR stimulation. These observations
suggest that Lyn has a higher affinity for phosphorylating ITIMs, whereas Hck and Fgr have
higher affinity for phosphorylating ITAMs. Further investigation is needed to elucidate how
Lyn interacts with Hck and Fgr and why they have different affinity for phosphorylating
different targets.

Given our findings that loss of Lyn led to increased signaling through CARD9, which
ultimately resulted in the development of autoimmunity, we hypothesize that mutations in
CARDGJthat could enhance activation of the NF-xB and MAPK pathways would also lead
to the development of autoimmune and inflammatory disease. Indeed, Xu et a/. found that
the S12N mutation in Card9leads to increased IL-5 and T2 cell activity in mouse alveolar
macrophages through increased activation of the non-canonical NF-xB factor RelB (15).
Whether this mutation would also increase susceptibility to colitis in vivo remains to be
determined. Given that dominant-negative mutations in CARD9 or agents that block
formation of the CARD9-Malt1-Bcl10 complex result in reduced inflammatory responses,
perhaps blocking CARD?9 function would reduce the tyrosine kinase-to-TLR pathway
crosstalk and potentially limit inflammatory responses (18, 19). This is consistent with our
findings that deletion of CARDO reverses the hyper-inflammatory state in £y~ mice. This
raises the potential that inhibition of CARDS signaling, or of other members of the pathway
for regulating TLR-mediated responses (including CD11b, Lyn, Hck, Fgr, Syk and PKCS8)
may be potential treatment options for patients with IBD and AS who have polymorphisms
in CARDO.
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Materials and Methods

Mice

Reagents

Cell culture

Lyn™", Lyn” Hek™~Fgr~~Lyn™", 11107~ and CD11c-Cre mice were generated and
described previously (24, 30, 33, 40), Card9~~ mice were a generous gift from David
Underhill (Cedars-Sinai Medical Center, Los Angeles) and described previously (7). Card9”*
mice were a generous gift from Attila Mocsai (Semelweis University, Budapest) and
described previously (32). Itgam™MYd (/rgam'= or CD11b-deficient) mice were generous
gifts from Katerina Akassoglou (UCSF). All mice were on the C57BL/6 background and
kept in a specific pathogen-free facility at USCF. All animal experiments were performed in
compliance with the Animal Welfare Act and Regulations, the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, the Public Health Service Policy on the
Humane Care and Use of Laboratory Animals and UCSF polies and guidelines.

All antibodies used for biochemical analysis were purchased from Cell Signaling
Technology except for a-GAPDH (Calbiochem) and a-PKC8 (BD Biosciences). All HRP-
tagged secondary antibodies were purchased from Cell Signaling Technology. All antibodies
used for flow cytometry were purchased from BD Biosciences or eBiosciences. Reagents
used to stimulate cells were from the following sources: LPS from E.coliserotype O111:B4
(Alexis Biochemicals), Pam3CSK4 (Invivogen), biotinylated a-CD11b (clone M1/70, BD
Biosciences), zymosan (Sigma-Aldrich). p-glucan were prepared from zymosan as described
previously (4).

Bone marrow was flushed from the femurs and tibias of mice, and mononuclear cells were
purified on a 68% Percoll (GE Healthcare Life Sciences) gradient as previously described
(24). BMDCs were cultured in complete RMPI (Corning) (10% FBS (Gibco), 2 mM L-
glutamine, 2mM nonessential amino acids, 2mM sodium pyruvate, 2mM HEPES (UCSF
Cell Culture Facility) 50 uM 2-mercaptoethanol (Gibco) supplemented with 20 ng/ml
recombinant mouse GM-CSF (PeproTech). BMMs were cultured similarly but supplemented
with M-CSF from CMG conditioned media derived from a 3T3 cell line engineered to
overexpress mouse M-CSF. Cells were used after 7-9 days in culture.

Cytokine measurement

BMDCs in suspension were counted (NucleoCounter NC-200) and centrifuged onto the
bottom of 96 well tissue culture plates, or aliquoted into 1.5ml centrifuge tubes for
experiments using non-adherent cells. BMMSs were removed from plates using 2mM EDTA
in PBS and plated as above. Cells were immediately stimulated with the indicated reagents
for the indicated times. Supernatants were transferred into new 96 well plates and analyzed
for TNF-a production by ELISA (eBioscience). All BMDCs experiments were performed in
RPMI without GM-CSF.
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Immunoblotting

Cells were counted and seeded as above. At the end of the stimulation, supernatants were
removed and cells were directly lysed in NUPAGE LDS sample buffer (ThermoFisher
Scientific) supplemented with 2-ME. Lysates were boiled at 95°C for 5 mins and ran on
4-12% Bis-Tris gels (ThermoFisher Scientific). Proteins were transferred onto PVDF
membranes (Millipore) using a semi-dry transfer method. Membranes were blocked
overnight in 4% BSA-TBS-T (Millipore) in 4°C and probed using the indicated antibodies.
Membranes were incubated with SuperSignal chemiluminescent substrate (ThermoFisher
Scientific) for 5 minutes and imaged using the Chemi-Doc Touch System (Bio-Rad).

Immunoprecipitation

Cells were counted and seeded as above. At the end of the stimulation, supernatants were
removed and cells were washed with ice cold PBS. Cells were then lysed in NP-40 lysis
buffer (1% NP40, 150mM NaCl, 20mM Hepes, 2mM EDTA) at 4°C. Lysates were cleared
by centrifugation at 16,000xg for 10 mins. Supernatants were then incubated with antibody
overnight at 4°C and then incubated with of Protein A/G plus agarose beads (Santa Cruz
Biotech) for 2 hours at 4°C. Beads were washed with lysis buffer, then boiled in 1X
NUuPAGE LDS sample buffer and analyzed by immunoblotting.

ShRNA Knockdowns

ShRNAs targeting pkcd (TRCN0000280560) and targeting syk (TRCN0000023571) cloned
into the pLKO.1 lentiviral vector (Sigma-Aldrich-mission sShRNA) were transfected into
LentiX 293T packaging cells. BMDCs were infected with the lentivirus expressing the
shRNA for 24 hours (at day 4 of culturing). Cells were allowed to recover and selected by
puromycin until day 7. The knockdown efficiency was analyzed by immunoblotting.

Splenic DC isolation and flow cytometry

Spleens were obtained from the indicated mice and mashed by using frosted microscope
slides in Hanks’BSS (UCSF Cell Culture Facility) media supplemented with HEPES and
5mM EDTA (Fisher Scientific). Single Cell suspensions were prepared and counted. For
flow cytometry, cells were blocked with anti-CD16/32 (clone 2.4G2) and mouse 1gG
(Sigma-Aldrich) for 10 mins, and incubated with the indicated antibodies for 1 hr. Data was
collected on a Fortessa flow cytometer (Becton Dickinson) at the UCSF Flow Cytometry
Core. FACS data was analyzed using FlowJo (FLowJo LLC). Gating strategies for the
various immune cell types is shown in fig. S8. Splenic DCs were isolated using the MACS
pan-DC negative selection kit (Miltenyi Biotech). CD11c* cell purity following splenic DC
selection was determined by flow cytometry. Splenic DCs were seeded and stimulated
immediately in complete RPMI as above. Supernatants were analyzed for cytokine
production by ELISA.

Histology and auto-antibody assessment of autoimmunity

Kidneys of the indicated mice were formalin fixed and stained with H&E by the UCSF
Pathology Core. The representative photos were taken using a Nikon Eclipse 80i microscope
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at 100X magnification. Serum levels of anti-dsDNA 1gG, IgM and anti-ssRNA 1gG, IgM
were determined by ELISA as previously described (24, 34).

DSS colitis

Female mice with similar weights and age at day 0 (17-19g) were given 3.5% or 2.5%
dextran sulfate sodium (DSS) containing drinking water for 5 days, followed by untreated
water for the remainder of the experiment. Animal weight and rectal bleeding/prolapse were
measured daily. Mice that fell below 70% of their original weight and demonstrated limited
mobility were sacrificed and counted as dead (IACUC guidelines (49)). Remaining mice
were sacrificed at day 10 post DSS treatment or followed for survival. The colon lengths of
mice were measured either when mice were found dead or sacrificed.

Quantification of immunoblots

Densitometry Units of each loaded immunoblot wells were measured using ImageJ.
Densitometry units of the phosphorylated bands were normalized to its total protein control.
Representative blots of three different experiments and the quantification of multiple blots is
shown.

Statistical analysis

Pvalue < 0.05 was considered statistically significant. All statistic tests used are indicated in
the figure legends. Each in vitro and in vivo experiment was repeated at least three times and
the representative results were reported. Data reported on aged mouse models for
autoimmunity were representative of three individual cohorts of mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CARD9 promotes colitis in Lyn_/_ mice.
(A) The indicated mice were given drinking water treated with 3.5% DSS for days 0-5,

followed by untreated drinking water for the remainder of the experiment. The weights of
the animals were monitored daily and are plotted as a % of starting weight at day 0. (B)
Bleeding/prolapse score of the indicated mice after DSS treatment described in (A) was
analyzed and reported with the scale of 0, 0.5, 1.0, 1.5, 2.0 for increasing severity. (C) Colon
lengths of the indicated mice after the indicated DSS treatment. (D) The survival of mice
following DSS treatment described in (A) was assessed daily and plotted as % survival. (E
and F) The indicated mice described in (A) were monitored for spontaneous rectal prolapse
and the ages of prolapse development. * p<0.05, **p<0.01; by one-way ANOVA with Tukey
HSD test for (A, B, C, and F), Z test for proportions (D and E). Each group represents n of
5-10 mice at 8-10 weeks of age and 17-19 grams at day 0. Data are representative of at least
3 independent experiments.
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Fig. 2. CARD9 plays a major role in the development of autoimmunity in Lyn'/' mice.
(A-D) Serum was collected from the indicated mice at the indicated age. The amount of

anti-ssRNA or anti-dsDNA antibodies in the serum was analyzed by ELISA. * p<0.05,
**n<0.01, one way ANOVA with Tukey HSD test, each bar represents an n of 5-10 mice per
group. Results are representative of at least 2 independent experiments. (E) H&E-stained
kidney sections from the indicated mice at 3.5 months of age. Scale bars: upper panels = 10
um, lower panels =1 um.

Sci Signal. Author manuscript; available in PMC 2020 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

Page 17
owr
A .Lyn-/- * ¥ B *
— O Lyn’/Card97 g
é 34 B card9” A — T
ob £
= 7 + o+ }D i
& 2. — Q 104 -
o * —_
i o~ "1 -
X " o
— i
3 11 oSN
w ©
= o
= od = 0.
Pam 3hr LPS 3hr Pam 3hr LPS 3hr
C D
a2 o257 _x —
= =
<204 X 201
wv [%]
P;{lS- Pi 154
3 3
= 104 2 101
9 2
3 9 3 5
® o * ) . .
Total Total Activated Activated
CDAT cells CD8T cells CDA4T cells CD8 T cells
E 1 2

»

w

# Splenocytes (x103)
N

o

Total
Plasma cells

Fig. 3. CARD?9 is required for cellular activation in Lyn deficient mice
(A and B) CD11c+ DCs were isolated from the spleen of the indicated mice by negative

selection, plated and stimulated with 100 ng/ml Pam3CSK4 or 100 ng/ml LPS for the
indicated times. Amount of TNF-a (A) or IL-6 (B) in the supernatants were measured by
ELISA. (C to E) Cells were harvested from spleens of indicated mice at 2 months of age,
stained with fluorescently labeled antibodies and analyzed by flow cytometry using the
gating strategy shown in fig. S7. * p<0.05, **p<0.01, one way ANOVA with Tukey HSD
test, each bar represents an n of 5-10 mice per group or cells pooled from 3 to 5 mice per
group. Results were representative of at least 3 independent cohorts of mice.
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Fig. 4. CARDQ is required for the increased TLR-triggered signaling and cytokine production in
Lyn-deficient BMDCs but not macrophages.

(A to C) BMDCs or BMMs from the indicated mice were stimulated with the indicated
amount of Pam3CSK4 and LPS for 3 hours. Cell supernatants were analyzed for TNF-a and
IL-6 by ELISA. (D to G) BMDCs or BMMs from the indicated mice were stimulated with
100 ng/ml Pam3CSK4 for the indicated time (panel G is from the 30 min time point). Cells
were lysed and immunoblotted with the indicated antibodies. Densitometry analysis of the
western blots is shown in fig. S1. Each western blot is representative of at least 3
independent experiments with cells pooled from 3 to 5 mice per group. * p<0.05, one way
ANOVA with Tukey HSD test.
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Fig. 5. Regulation of TLR-triggered signaling and cytokine production by Lyn requires CD11b
and Src-family kinases Hck and Fgr.

(A to C) BMDCs or BMMs from the indicated mice were stimulated with 100 ng/ml
Pam3CSK4 for the indicated time. Cells were lysed and immunoblotted with the indicated
antibodies. (D) BMDCs from the indicated mice were either centrifuged onto the bottom of
tissue culture treated plates (att) or left in suspension (unatt) with or without the addition of
antibody to CD11b (Mac-1) for 30 mins (aCD11b). Cells were stimulated with 100 ng/ml of
Pam3CSK4 for the indicated times and supernatants were analyzed for TNF-a by ELISA.

(E and F) BMDCs from the indicated mice were stimulated with the indicated amount of
Pam3CSK4 and LPS for 3 hours. Cell supernatants were analyzed for TNF-a by ELISA.

(G) BMDC:s from the indicated mice were left untreated or stimulated with 100 ng/ml
Pam3CSK4, 100 ng/ml LPS for 30 mins. Cells were lysed and immunoprecipitated with
CARD?9 antibody, followed by immunoblotting with phospho-threonine (P-TxR) antibody or
CARD?9 antibody. Densitometry analysis of the western blots are shown in fig. S1. Blots are
representative of at least 3 independent experiments with cells pooled from 3 to 5 mice per
group. (H) DSS-induced weight loss was monitored and analyzed as in Fig 1A. * p<0.05,
one way ANOVA with Tukey HSD test for (D-F) or Student’s t-test (H).
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Fig.6. CARDS9 expression in DCs is critical for development of autoimmunity and colitis in DC-
specific lyn deficient mice.

(A to D) Serum was collected from the indicated mice at 6 months of age. The amount of
antibody to sSRNA or dsDNA in the serum was analyzed by ELISA. (E and F) Cells were
harvested from spleens of indicated mice at 3 months of age, stained with fluorescently
labeled antibodies and analyzed by flow cytometry using the gating strategy shown in fig.
S7. * p<0.05, **p<0.01, one way ANOVA with Tukey HSD test, each bar represents an n of

5-10 mice per group. Results are representative of at least 2 independent experiments.
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